The vanadium redox flow battery (VRB) has received considerable attention due to its long cycle life, flexible design, fast response time, deep-discharge capability, and low pollution emissions in large-scale energy storage. The key component of VRB is an ion exchange membrane that prevents cross mixing of the positive and negative electrolytes by separating two electrolyte solutions, while allowing the conduction of ions. This review summarizes efforts in developing nanocomposite membranes with reduced vanadium ion permeability and improved proton conductivity in order to achieve high performance and long life of VRB systems. Moreover, functionalized nanocomposite membranes will be reviewed for the development of next-generation materials to further improve the performance of VRB, focusing on their properties and performance of VRB.
Introduction
As one kind of energy storage systems, vanadium redox flow battery (VRB) is the most promising technology due to several advantages such as its high storage capacity, moderate operating temperature, and long cycle life [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . A VRB is an electrochemical system storing electric energy in chemical energy, which consists of two electrolyte tanks equipped with V(II)/V(III) and V(IV)/V(V) redox couples in sulfuric acid solution, two pumps, two electrodes, and a battery stack section with ion exchange membranes ( Figure 1 ). To store and release energy, two separate electrolyte solutions undergo redox reaction in the respective half cells of the battery during charge-discharge processes, as described in reactions 1 and 2.
Reaction 1 of positive electrode is as follows:
Reaction 2 of negative electrode is as follows:
The VRB performance is generally determined by its coulombic efficiency (CE), voltage efficiency (VE), and energy efficiency (EE). CE is mainly affected by the rate of cross-mixed vanadium ion, indicating the capacity loss, and VE is determined by the thermodynamic reduction potential of the redox couples in each half cell and the overpotential of the cell. EE, which is calculated from CE and VE, is the key parameter to evaluate an energy storage system as an indicator of energy loss in charge-discharge processes [5] .
Ion exchange membrane (IEM) is one of the key constituents in VRB system and separates between positive and negative electrolytes, preventing cross mixing of two electrolytes as well as providing the proton conduction. The resulting performance of the VRB is greatly affected by the properties of the IEM [12] . An ideal membrane for VRB should possess the following properties: (i) low permeation rates of vanadium ions and water to minimize self-discharge of the battery and allow high coulombic efficiency; (ii) high ionic conductivity for the transport of the charge-carrying ions such as H + , SO 4 2− , and HSO 4 − , which are needed to complete the electric circuit; (iii) minimized area resistance to reduce the voltage efficiency loss resulting from ohmic polarization; (iv) excellent chemical stability to ensure the battery's life time, because VRB membranes are operated in sulfuric acid medium in the presence of strong oxidizing vanadium ion solutions; (v) the low cost for commercializing VRB technology. The membranes commonly used in VRB are perfluorosulfonic acid (PFSA) membranes such as Dupont's Nafion due to its high chemical and mechanical stability and high proton conductivity. However, there are serious drawbacks in the Nafion membrane, which are the extremely high cost and high vanadium crossover. Nafion membrane accounts for 10-15% of the total cost of the battery system and 40% of the total cost of a VRB cell stack [13] . Also, the high vanadium ion permeability can lead to the decrease of CE and EE of VRB. Thus, Nafion is limited for broad commercialization of VRB systems. As alternative to PFSA membranes, various hydrocarbonbased membranes, such as sulfonated poly(arylene ketone)s [14, 15] , sulfonated poly(arylene sulfone)s [16] [17] [18] , sulfonated polyimides [19] , and poly(phthalazinone ether ketone ketone) [20, 21] membranes, have been widely investigated owing to their low vanadium ions permeability and low cost [22] [23] [24] . Despite many advantages, hydrocarbon-based membranes are still difficult to apply to the VRB system. This is because hydrocarbon-based membranes generally exhibit the lower chemical and oxidative stability mainly due to the susceptibility of the polymer backbone to attack of H 2 SO 4 and V 5+ in the VRB electrolytes [25, 26] . However, the exact degradation mechanism was not fully understood yet [27] [28] [29] . In particular, the poor water channel formation due to weak phase separation between hydrophilic and hydrophobic moieties resulted in relatively low proton conductivities even at high IECs [30] , although sulfonated hydrocarbon membranes have reduced vanadium ion permeability compared with Nafion membranes.
To overcome the aforementioned issues, many attempts have been made via the preparation of nanostructured membranes which include Nafion hybrid membranes [31] [32] [33] [34] [35] , hydrocarbon-based nanocomposite membranes [2, 28, [36] [37] [38] [39] [40] [41] [42] [43] [44] , amphoteric ion exchange membranes [45] [46] [47] [48] [49] , and nonionic membranes [50] [51] [52] [53] [54] [55] [56] . This review focuses on recent progress in developing various nanocomposite membranes with properties that make them attractive for VRB applications. And the respective object and property of functionalized nanocomposite membranes and the potential for VRB applications will be addressed. The idea of hybrid and composite membranes was inspired by the extensive previous researches to develop Nafion composite membranes for direct methanol fuel cell (DMFC) applications [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] , which generally uses some interaction between organic or inorganic components and the sulfonic acid groups of IEMs. The introduction of nanofillers leads to a reduction of methanol crossover by blocking the hydrophilic clusters of Nafion membranes. This principle has also been applied in VRB applications, and thus decreased vanadium ion permeability with minimized proton conductivity loss leads to the improvement of VRB performance. Similarly, ion exchange membranes for VRB application have been developed by the pore-filling method [68, 69] , polymer blending [22, 70] , and the inorganic nanofiller doping technique [38, 71, 72] . However, the commercialization of VRB is still limited due to the lack of low cost, low vanadium ion permeability or high VRB performance. More recently, hybrid and composite membranes have been functionalized to further improve the performance of VRB system by decreasing the vanadium ion permeability and increasing the proton conductivity.
Membrane for VRB
2.1. Nanocomposite Membrane. Nafion was the most commonly used proton exchange membrane due to its proton conductivity and good chemical stability in strong acid and oxidation condition. However, it showed low ion selectivity between proton and vanadium ions in VRB system owing to the crossover of vanadium ion, which causes significant performance drop. This is due to its specific morphology having large size of hydrophilic channel originated from the strong nanophase separation of hydrophobic Teflon backbone and highly acidic sulfonic acid groups. To improve the performance of VRB by reducing the permeation of the vanadium ions, various Nafion nanocomposite membranes have been proposed.
Qiu and coworkers filled the polar clusters (pores) of the origin Nafion with SiO 2 nanoparticles by in situ solgel reaction with TEOS (tetraethoxysilane) (Figure 2 ) [31] , which was inspired by the pioneer work by Mauritz et al. [63] [64] [65] . The various properties of Nafion/SiO 2 hybrid membrane containing 9.2 wt% of SiO 2 such as ion exchange capacity (IEC), proton conductivity, water uptake, vanadium ion permeability, and cell performance are compared with the pristine Nafion membrane. The hybrid membrane showed lower vanadium ion permeability and water uptake than the pristine Nafion membrane, while its IEC and proton conductivity were similar to those of the pristine Nafion membrane. In the results of the VRB performance tests, the hybrid membrane exhibited excellent performance in comparison with Nafion membrane at all current densities from 10 mA⋅cm −2 to 80 mA⋅cm −2 owing to suppression of the crossover of vanadium ions. At 20 mA⋅cm −2 , both the VRB with Nafion/SiO 2 hybrid membrane and VRB with Nafion membrane showed a maximum EE of the VRB (79.9% and 73.8%, resp.). Also, the cycle performance for VRB with Nafion/SiO 2 hybrid membrane was not nearly decay of CE and EE up to 100 cycles at 60 mA⋅cm −2 , which means the hybrid membrane has good chemical stability in vanadium and acid solutions.
Shul and Chu fabricated the Nafion/graphene oxide (GO) layered structure membrane by coating the pristine Nafion 117 membrane with the Nafion/GO emulsion solution [73] . GO has a two-dimensional layered structure, which can serve as an effective barrier to the transport of vanadium ions due to the significant increase in tortuosity [2] . Also, due to the hydrophilic properties of GO and the existence of oxygen function groups on the surface of GO, GO-Nafion membrane showed slightly higher water uptake and IEC than the pristine Nafion membrane. Although the IEC was not changed significantly, the permeability of the VO 2+ ion decreased dramatically from 20.5 × 10 −7 to 6.1 × 10 −7 cm 2 ⋅min −1 by GO layer blocking vanadium ions. The VRB single cell performance of the GO-Nafion membrane exhibited higher CE compared to the Nafion membrane, while the VE of the GO-Nafion membrane was lower. This is due to the increase of internal resistance as well as the decrease of vanadium ion permeability by applying another layer in the Nafion membrane. As a result, the EE of the GO-Nafion membrane was higher than that of the Nafion membrane at low and medium current density except at 80 mA⋅cm −2 .
In 2015, Yang and colleagues reported the colloidal zeolite-Nafion composite membrane synthesized with a twolayer structure consisting of a top layer of colloidal silicalite in Nafion matrix and a base layer of pure Nafion [74] . The colloidal silicalite-Nafion composite membranes with overall zeolite nanoparticle contents of 5 wt% and 15 wt%, which were denoted by ZNM-5 and ZNM-15, were compared with the Nafion membrane. The same group previously studied the purely inorganic, molecular sieve zeolite membranes as a new type of highly proton-selective IEMs in the VRB and demonstrated great potential as effective IEMs in VRB [55, 56] . Due to the intracrystalline pores of silicalite (dia. 0.56 nm defined by 10-member rings) which were impermeable to the hydrated multivalent metal ions but permeable to H 3 O + , the composite membrane exhibited higher H + /VO 2+ ion transport selectivity (defined as the ratio of the slope for H + to that for VO 2+ in the permeation curves) than the Nafion membrane. The ZNM-15 with a more compact colloidal silicalite layer showed higher H + /VO 2+ ion transport selectivity than ZNM-5. However, the total resistance of VRB cell with ZNM-15 (3.40 Ω) was much higher than that of the Nafion 117 (1.98 Ω) and ZNM-5 (1.72 Ω) because ZNM-15 had much higher content of silicalite nanoparticle. ZNM-5 indicated lower electrical resistance than the Nafion 117 because ZNM-5 was overall much thinner with small silicalite content. The ZNM-5 membrane achieved higher CE, VE, and EE for the VRB than the Nafion 117 and ZNM-15 membranes. A 30-day continuous cyclic operation test indicated quite stable EE value of the ZNM-5 equipped VRB with a slight increase in CE and a slight decrease in VE, which demonstrated good chemical stability of the silicalite-Nafion composite membrane. Sulfonated aromatic polymer membranes based on nonfluorinated polymer, such as sulfonated poly(arylene ketone)s (SPAK)s including sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(imide) (SPI), have been explored to reduce the cost of IEMs in VRB system as attractive alternatives to Nafion. This is because they possess excellent mechanical properties, high chemical stability under acidic conditions, and low cost and very low vanadium ion permeability. However, the properties of SPAK were highly dependent on the degree of sulfonation (DS). SPAK membranes with high DS exhibited not only higher proton conductivity, but also higher swelling, larger vanadium ion crossover, and lower mechanical strength. And the antioxidant ability of sulfonated aromatic polymer membranes was poorer compared with Nafion membrane. In order to overcome this dilemmatic problem and enhance the antioxidant ability, various nanoparticles were incorporated into the SPAK membrane.
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As shown in Figure 3 , Zhang and coworkers prepared SPI/TiO 2 composite membrane through blend technique by using TiO 2 due to properties of mesoporous TiO 2 particle such as good stability, easy availability, and low price [43] . The physicochemical properties of SPI/TiO 2 composite membrane were compared to SPI and Nafion 117 membranes. The SPI/TiO 2 composite membrane exhibited lower water uptake and swelling ratio than the pure SPI membrane due to the less hydrophilic TiO 2 . At room temperature, the proton conductivity of the SPI/TiO 2 membrane indicated 3.12 × 10 −2 S⋅cm −1 , which was higher than plain SPI membrane (2.47 × 10 −2 S⋅cm −1 ). The synergistic effect between the hydrated sulfonic group and the hydrated mesoporous titanium dioxide particles facilitates the proton transport behavior through the mesoporous structure. Compared to Nafion 117 membrane, the proton conductivity of the SPI/TiO 2 membrane was a little lower than Nafion 117 (5.82 × 10 −2 S⋅cm −1 ) due to the unique hydrophilic-hydrophobic Journal of Nanomaterials structure of Nafion. Nevertheless, the ion selectivity of SPI/TiO 2 membrane was the highest on account of the vanadium ion permeability. The vanadium ion permeability of SPI/TiO 2 membrane was much lower than that of Nafion 117 membrane. Also, the vanadium resistance of SPI/TiO 2 membrane was higher than pure SPI membrane due to the better size stability of the composite membrane as presented in physicochemical properties. As a result, the VRB with SPI/TiO 2 composite membrane was always higher in CE and EE than that with Nafion 117 membrane especially at low current densities and the OCV performance of the VRB with the SPI/TiO 2 composite membrane showed superior performance than that with Nafion 117 membrane. In the following publications, Qiu's group fabricated SPEEK/Graphene (SPEEK/G) composite membrane [2] . Graphene also had a unique two-dimensional layered structure like GO, which was stable under ambient conditions and had good mechanical property. Although the graphene ratio of SPEEK/G composite membrane was very small amount of about 1 wt%, the effect of graphene in SPEEK membrane could be confirmed by the results of physicochemical properties, permeability of vanadium ions, selectivity, and VRB cell performance. The SPEEK/G composite membrane showed good physicochemical properties for VRB application. Despite a lower proton conductivity than Nafion 117, ion selectivity of SPEEK/G composite membrane (1.62 × 10 4 S⋅min⋅cm −3 ) was higher than Nafion 117 (0.95 × 10 4 S⋅min⋅cm −3 ) due to a sharp decrease of vanadium ion permeability. VRB single cell performance of SPEEK/G composite membrane exhibited a lower self-discharge rate as well as the CE of 96.4% and EE of 83.8% at the current density of 80 mA cm −2 , which were higher than those of Nafion 117 (92.8% and 79.5%, resp.).
And then the same group reported a series of SPEEK/ Graphene oxide nanocomposite membranes with various amounts of GO loadings [37] . Beyond the formation of an effective barrier for the transport of vanadium ions by the two-dimensional layered structure of GO nanosheets, the incorporation of GO into SPEEK membranes for VRB can form the hydrophobic/hydrophilic phase separation structure because the hydrophilic surface of GO, which is originated from the oxygen-containing functional groups of GO, was prone to form hydrogen bonds with polymer chains and consequently enhance ion selectivity. The strong interfacial interaction between GO and the SPEEK membrane served the uniform dispersion of GO nanosheets in the polymer matrix which improved the mechanical stability of the pristine SPEEK membranes due to the great mechanical strength of GO. The SPEEK/GO composite membranes were prepared with 1, 2, 3, or 5 wt% of GO and denoted by SPEEK/GOX, where X was the weight ratio of GO (Figure 4) . With increasing GO content, the water uptake, swelling ratio, and IEC of SPEEK/GO composite membrane increased due to hydrophilic nature of GO, whereas the proton conductivity decreased by blocking effect of the GO filler. The permeation of VO 2+ across the composite membranes decreased with increasing of the GO weight ratio because the impermeable two-dimensional layered GO nanosheets can serve as effective barriers and the interfacial interaction between GO and SPEEK matrix restricts the formation of hydrophilic channels used for the transport of vanadium ions. Based on all the above results, the SPEEK/GO2 composite membrane showed the highest selectivity of 1.88 × 10 4 S⋅min⋅cm −3 , which was about two times higher than that of Nafion 117 membrane (0.91 × 10 4 S⋅min⋅cm −3 ). The CE and EE of VRB single cell performance with SPEEK/GO2 membrane (96.9% and 84.2%, resp.) were much higher than those with Nafion 117 membrane (92.8% and 79.5%, resp.) at the current density of 80 mA⋅cm −2 . The results of chargedischarge cycle performance showed the capacity retention after 300 cycles of SPEEK/GO2 and Nafion 117 was 50.1% and 16.2%, respectively. The SPEEK/GO2 composite membrane demonstrated the excellent VRB cell performance in comparison to Nafion 117. In addition, a pore-filling membrane (denoted as SPEEK/GO2@PTFE) was fabricated by using poly(tetrafluoroethylene) (PTFE) as the porous substrate to further improve the cycling stability of SPEEK/GO composite membrane for application in long-life VRB systems. Porous PTFE film was a robust host with a highly porous structure, which can contribute to the improvement in mechanical strength and chemical stability of the SPEEK/GO2@PTFE. The SPEEK/GO2@PTFE membrane exhibited higher CE and EE of 98.4% and 81.2% due to high ion selectivity (1.92 × 10 4 S⋅min⋅cm −3 ) and the capacity retention of the resultant pore-filling membrane was 78.7%, higher than SPEEK/GO2 and Nafion 117 membranes ( Figure 5 ). Table 1 summarizes the basic properties of nanocomposite and Nafion 117 membranes and VRB performance employing them.
Recent studies suggested anion exchange membrane (AEM) as another hydrocarbon-based membrane, which exhibited lower vanadium ion permeability than cation exchange membranes. The AEM tends to suppress vanadium crossover due to the charge repulsion effect, known as Donnan exclusion, between positively charged groups of the membrane and the vanadium ions. Leung et al. modified an AEM (Fumasep's FAP) via in situ sol-gel reaction of TEOS to minimize the crossover of vanadium ions [75] . A silica nanocomposite AEM (c.a. 5.60 wt% by 30 sec solgel reaction) was compared with Nafion 115 and pristine AEM. The permeability of vanadium ion showed a decreasing order of Nafion 115 (1.62 ×10 −6 cm 2 ⋅min −1 ) > pristine AEM (5.24 × 10 −7 cm 2 ⋅min −1 ) > silica nanocomposite AEM (4.24 × 10 −7 cm 2 ⋅min −1 ). The positive charged groups within the membrane repelled vanadium cations by mean of electrostatics. Besides, the silica nanoparticles within the cannel network or hydrophilic clusters of the modified AEM blocked diffusion of vanadium ion. Due to the lowest vanadium permeability, the silica nanocomposite AEM exhibited the lowest self-discharge rate and the highest CE. The VE of the silica nanocomposite AEM was slightly lower than those of the pristine AEM and Nafion 115 owing to the increased Figure 6 : Schematic illustration of the preparation of Nafion/amino-SiO 2 hybrid membrane.
area resistance after silica modification. As a result, the EE of silica nanocomposite AEM was found to be higher than that of Nafion 115 but lower than that of pristine AEM. Nevertheless, the silica nanocomposite AEM can be an alternative candidate for VRB application because the discharge capacity of the VRB with the silica nanocomposite AEM was the highest in comparison to the pristine AEM and Nafion 115.
Functionalized Nanocomposite Membrane.
There has been extensive research on the Nafion/inorganic nanocomposite membranes to reduce the vanadium permeability including recasting with inorganic nanoparticles and in situ sol-gel reaction to incorporate inorganic nanoparticles within the pores of Nafion [31-33, 76, 77] . However, the Nafion/inorganic nanocomposite membranes decreased the crossover of vanadium as well as proton conductivity. To solve the conflict between membrane ion selectivity and conductivity, Yang's group prepared the Nafion/aminoSiO 2 hybrid membrane through the sol-gel reactions of N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPS) as shown in Figure 6 [78] . The IEC of the hybrid membrane was increased due to the amino group of the amino-SiO 2 , which can improve the ion selectivity while keeping the conductivity nearly unchanged. The permeability of vanadium ions across the hybrid membrane (2.32 × 10 −7 cm 2 ⋅min −1 ) was lower than that across the pristine Nafion membrane (8.65 × 10 −7 cm 2 ⋅min −1 ) because the amino-SiO 2 nanoparticles were filled into the polar clusters of the Nafion membrane. The results of VRB single cell test indicated the Nafion/aminoSiO 2 hybrid membrane which showed higher CE, VE, and EE than the pristine Nafion at the current density ranging from 20 to 80 mA⋅cm −2 . Higher CE was attributed to less crossover of vanadium ions. The higher VE of the VRB with the hybrid membrane was affected by conductivity, which depended on water uptake and IEC. Because the IEC was increased by the amino groups of amino-SiO 2 in spite of lower water uptake, Nafion/amino-SiO 2 hybrid membrane exhibited a higher VE. As a result, the EE of the VRB with Nafion/amino-SiO 2 hybrid membrane exhibited a 4.2% increase compared with the pristine Nafion membrane at 80 mA⋅cm −2 . In the follow-up publication, Cao and coworkers prepared a series of novel acid-base hybrid membranes (SPI/PEI-rGO) based on sulfonated polyimide (SPI) with polyethyleneimine-functionalized reduced graphene oxide (PEI-rGO) by solution-casting method [79] , which was inspired by the SPEEK/polyetherimide acid-base blend membrane developed by Liu et al. [23] . Figure 7 gave the detailed preparation process of PEI-rGO and SPI matrix. The appearing basic groups such as NH 2 -GO further provided the positive charge, which can expect a Donnan exclusion effect on the vanadium ion. The SPI/PEI-rGO membranes with various contents of PEI-rGO were denoted by SPI/PEI-rGO-X, where X (X = 0.5, 1, 2 and 4) was the mass ratio of PEI-rGO to SPI. The physicochemical properties such as water uptake, swelling ration, and IEC of membrane decreased with the PEI-rGO contents increasing. The electrostatic interaction between -NH 2 and -SO 3 H in the interfacial zone decreased the water-absorbing ability of the -SO 3 H groups, further restricted the mobility of polymer chains, and played a dilution effect on -SO 3 H in the hybrid membranes. The proton conductivity of SPI/PEI-rGO-0.5 hybrid membrane was similar to that of the pure SPI membrane, but the proton conductivity firstly increased and then decreased with the content of PEI-rGO increasing. This is due to the acid-base pairs formed by the proton acceptor (-NH 2 groups) and the proton donator (-SO 3 H groups) in the interfacial zone between PEI-rGO filler and SPI matrix, whereas the vanadium permeability decreased with the increasing PEI-rGO content, and the vanadium permeability of all hybrid membranes was much lower than that of Nafion 117 membrane. Firstly, an effective barrier was formed by the impermeable two-dimensional graphene-based filler, preventing vanadium ions from crossing the hybrid membranes due to the significant increase in tortuosity [37] . Secondly, the -NH 3 + groups on the surface of PEI-rGO prevented the vanadium ion crossover by Donnan exclusion effect, which means the positive charged -NH 3 + effectively hindered vanadium ions permeation under the strong electrostatic exclusion effect. Finally, the formation of transport channels to vanadium ions is restricted by the existing strong interfacial interaction between PEI-rGO and SPI matrix [80] . The selectivity, defined as the ratio of proton conductivity and vanadium ion permeability, of SPI/PEI-rGO membranes first increased with the PEI-rGO filler and then dropped. When 2 wt% PEI-rGO was incorporated into SPI matrix, the maximum value appeared owing to the good balance between proton conductivity and vanadium ion permeability. From results, SPI/PEI-rGO-2 membrane was investigated for the single cell performance of VRB. SPI/PEI-rGO-2 hybrid membrane exhibited higher VRB performance of CE (95% versus 91%) and EE (75.6% versus 66.8%) than Nafion 117 membrane at 40 mA⋅cm −2 . Furthermore, the hybrid membrane showed a stable performance over 100-cycle charge-discharge tests.
More recently, Li et al. reported the composite membranes (SPI/s-MoS 2 ) of sulfonated polyimide (SPI) and sulfonated molybdenum disulfide (s-MoS 2 ) (Figure 8 ) for VRB application [81] . A new type of sulfonated MoS 2 had graphene-like two-dimensional layered structure, which was advantageous to the proton transport. Also, s-MoS 2 was in possession of good chemical stability, which can improve the chemical stability of SPI membrane. Finally, s-MoS 2 contains sulfonic group (-SO 3 H) attached to its surface, which increased the proton conductivity and provided a strong interfacial interaction between s-MoS 2 and SPI due to the formation of hydrogen bond. The SPI/s-MoS 2 composite membrane was compared to SPI, SPI/MoS 2 , and Nafion 117 membranes. The oxidative stability test of membranes, which was investigated by the weight retention of membranes and the color change of the V(V) solution after soaking membranes at 40 ∘ C for some time, showed the weight loss ) membranes owing to the unique two-dimensional structure together with sulfonated acid groups of s-MoS 2 . A "blocking effect" of s-MoS 2 particles in the polymer led to a decrease in vanadium ion permeability of SPI/s-MoS 2 membrane to 1.23 × 10 −7 cm 2 ⋅min −1 , which was the lowest value among all membranes. Thus, SPI/s-MoS 2 membrane presented the highest proton selectivity of 2.24 × 10 5 S⋅min⋅cm −3 . Owing to the good balance of proton conductivity and vanadium ion permeability, the CE and EE of the VRB with SPI/sMoS 2 membrane were higher than those with SPI/MoS 2 and Nafion 117 membranes, indicating great potential for long life VRB system. Table 2 summarizes the basic properties of functionalized nanocomposite membranes and VRB performance employing them, comparing with prefunctionalized nanocomposite membranes.
Conclusion
VRBs become more and more important as a promising choice for large-scale electrochemical energy storage systems. However, the VRB technology has not yet achieved a real breakthrough and further researches are required to reach full commercial potential. The IEM as a critical component of a VRB is still the main factor which limits further commercialization. Perfluorosulfonic acid polymers with excellent long-term stability and high proton conductivity are the most often used ones, but much greater cost reduction and larger selectivity increase are necessary. Significant cost reduction and large performance improvement should be achieved for the membrane material.
This review shows the possible approaches for development of various nanocomposite membranes. Numerous modifications of Nafion proved that the modification was very effective in decreasing the vanadium ion permeability but usually accompanied the reduction of proton conductivity. Also, extensive studies on sulfonated hydrocarbon-based nanocomposite membranes are ongoing as low cost alternatives to Nafion membranes, but chemical stability issues still plague this search area of hydrocarbon membranes.
In conclusion, considering the ion selectivity and the energy efficiency, functionalized nanocomposite membranes show better performance than prefunctionalized nanocomposite membranes. Nevertheless, the nanocomposite membrane research for applications in VRB is still in its infancy, and more efforts need new strategies to design and prepare the next-generation membranes having outstanding VRB performance over long period of time.
Conflict of Interests
The author declares that there is no conflict of interests regarding the publication of this paper.
